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Dark matter (70-80%)
Gas (20-30%)
Galaxies (few %)

• plasma physics: what is the physics of shocks and turbulence in astrophysical plasmas?
• astrophysics: where does merger energy go? Halos/relics/tail are proxies to study the 

dynamics and fundamental properties of galaxy clusters. 
• cosmology: do merger rate and cluster masses fit cosmological models? What can we learn 

on the properties of dark matter?

• Mass: M500~1013-15 solar masses
• Radius: few Mpc
• Galaxies: up to thousands



• Radio halo: central, unpolarized, Mpc-size
- turbulence (re)acceleration

• Radio relic: periferal, polarized, Mpc-size
- shock (re)acceleration

• Radio phoenix: central, ~100 kpc-size
- compression of old AGN lobes

Taxonomy of cluster-sources 
at low-frequency

{Mergers {This talk



Relics: Mpc-long shock waves
MACSJ1752.0+4440

X-ray: XMM-Newton (Ebeling et al. 2013)

Optical: SDSS

Radio (325 Mhz): GMRT (Bonafede et al. 2012)

• Extended radio sources
• Cluster peripheral regions
• Low radio brightness
• Steep Spectrum α < -1
• Polarized 20-30%

Double relics
(only 15 cases)

Credits: vanWeeren



PSZ1G108
Radio relic

Radio relic

Radio halo
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z = 0.334

M500 = 7.7× 10
14
M!



PSZ1G108: spectral index

330-1400 GHz

M =

√

2αinj + 3

2αinj − 1
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Fig. 7.— Spectral index of simulated radio relic emission. The left portion of the image shows the “edge-on” view, whereas the right
shows the “face-on” view. Both views are on the same scale. The left colorbar shows the mapping of color to the integrated spectral index
including particle aging. The right colorbar shows the mapping of color to the prompt spectral index. Both colorbars apply to both views,
providing a rough estimate of the uncertainty in our models of the spectral index.

Fig. 8.— A zoom in of the lower left radio relic. The left two panels show radio emission-weighted projections of the Mach number (left),
and magnetic field strength (middle). The right panel shows a slice of the magnetic field strength, with black lines indicating the local
magnetic field direction in the plane of the slice and the white overlay show the location of cells identified to be shocks.

cosmic rays, we should see even better agreement

with observations of polarization direction.

In the top-right panel of Figure 9, we show the same
polarization map, but this time for when the relic is
viewed “face-on”. We again see a very high polarization
fraction. However, this time the polarization direction is
significantly less coherent. This is due to the magnetic
field not being modified as strongly in the plane of the
shock as it is perpendicular to the shock. Therefore the
turbulent structure is preserved in the image plane and
the polarization vectors are not preferentially modified.
However, the behavior of the polarization fraction and

direction drastically changes if we then apply a guassian
kernel with a size of 4 pixels. In the “edge-on” view,
the polarization fraction and direction is fairly well pre-
served. The fraction only drops to between 30 � 65%
and the direction is still fairly correlated across the relic.

In contrast, for the “face-on” view the polarization has
dropped to between 0 � 15% in most regions. This is a
classic example of beam depolarization. Because the po-
larization direction is highly disordered, smoothing the
image drastically reduces the overall polarization.
Currently our simulations do not exhibit as much of

a constant polarization as that found in observations of
clusters such as CIZA J2242.8+5301, where the polar-
ization direction is constant over Mpc-scale distances.
There are several possible explanations. Because we are
not tracking the electron distribution as it cools behind
the shock, we may be missing the emission from the more
ordered field line regions behind the shock. Simulations
capable of tracking these electrons are therefore needed
to explore that possibility, and will be addressed in future
work. If doing so is still incapable of producing Mpc-scale
ordered polarization maps, it may suggest that the injec-

Skillman et al. 
2013

αinj = 1.04
+0.4
−0.4 → M = 2.17

+0.6
−0.7

M = 2.25
+0.11
−0.15

M = 2.00
+0.04
−0.04



Phoenixes: reviving old plasma

Phase 0: Injection
Phase 1: Expansion
Phase 2: Lurking
Phase 3: Flashing
Phase 4: Fading

Ensslin & Gopal-Krishna 2001

a

b

c

d

32 T. A. Enßlin and Gopal-Krishna: Reviving fossil radio plasma in clusters
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Fig. 2. Radio spectrum of the radio cocoon in scenario A at
the end of phases 0–4

the adiabatic energy gains of these electrons. The source
decays on a time-scale of a few tens of Myr, mostly due
to the heavy synchrotron losses. If the radio cocoon is lo-
cated in a more peripheral region of the cluster, where
the density, the pressure and therefore the magnetic field
strength inside the cocoon is much lower, these losses are
also much milder. This lengthens the time scale over which
the radiatively cooling synchrotron plasma can still be re-
vived by the next passing shock, and thus rendered radio
detectable. We, therefore, expect the radio relic phenom-
ena to be found preferentially at larger cluster radii, and
less often near the cluster center (although projection can
help some relics to appear near the cluster core). The best
environment to find cluster radio relics is, therefore, near
the edges of the clusters.
Scenario B: The cocoon at the cluster boundary.
The radio cocoon is assumed here to be born outside the
cluster, in an environment of a dense galaxy filament, or
a group of galaxies, say, with ne = 0.3 10−5 cm−3 and
kT = 0.3 keV. The freshly injected radio plasma might
be over-pressured by a factor of 100, leading to a short
expansion phase. After this, the electrons within the ex-
panded Mpc sized cocoon suffer mostly the IC-losses, al-
lowing revival of the radio plasma even ∆t2 = 1 Gyr later.
This can happen when the cocoon along with the ambient
medium is crossed by the accretion shock of a cluster of
galaxies, which might entail a pressure jump as large as
P3/P2 = 100, in order to heat the infalling cool gas to the
cluster virial temperature of up to 10 keV.

Scenario B can explain the steep and bent radio spec-
trum of the cluster radio relic 0038-096 in Abell 85.
An eye-fit to the radio spectrum (Fig. 5) shows that
the maximal electron momentum in this case is p∗ =
104 (B/µG)−1/2. The magnetic field strength of the clus-
ter relic was estimated from the minimum energy ar-
gument to be B ≈ 1 µG (Feretti & Giovannini 1996)
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Fig. 3. Radio spectrum of the radio cocoon in scenario B at
the end of phases 0–4. The luminosity at the end of phase 2 is
too small in order to be displayed in this figure
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Fig. 4. Radio spectrum of the radio cocoon in scenario C at
the end of phases 0–4

and from the detection of excess X-ray emission at the
location of the relic, which implies a field strength of
B = 0.95 ± 0.10 µG (Bagchi et al. 1998) if this emission
refers to the IC scattered cosmic microwave background
photons, otherwise a higher field strength. Using B = 1 µG
and p∗ = 104 and assuming a uniform environment with-
out expansion and compression, an age of 0.2 Gyr would
result (Komissarov & Gubanov 1994, and see Eq. (21)).
But scenario B demonstrates that the radio plasma can be
as old as 2 Gyr. This resolves the problem of the appar-
ent cooling time of the electrons being too short for any
nearby galaxy to have ejected the plasma and then moved
to its present location with a typical velocity of a cluster

Credits:  Tom Jones





PSZ1G189: a merger
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WSRT 1.4 GHz

VLA (B) 1.4 GHz

280 kpc

Roland et al. 1985

z = 0.12

M = 3.4× 10
14
M!

PSZ1G189
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1. No polarization
2. Very small
3. Very central
4. Very steep
5. No shock (well, not in the right place)
6. Spectral index not relic-like

PSZ1G189: a relic?

Steep: -1.62
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Birth of a radio phoenix: displaced 
(compressed?) by cluster weather

North
sub-cluster

South
sub-cluster

X-ray 
emitting

ICMPhoenix
AGN

To the observer

Head-tail

Chandra press release



Preliminary!



Spectral evolution

The tail is ~500 Myr old

Adiabatic compression
shifts the curved spectrum

and boosts the flux.

Preliminary!



The LOFAR LBA Survey
Beams: 4 (1 calibrator + 3 targets)
Mode: LBA_OUTER (4 deg FWHM) - SPARSE?
Obs time: 8 hrs per pointing - total pointings: 3170

LoLSS - Vs - VLSS
10 - 20 times better noise

2 - 3 times better resolution

Frequency coverage: 42 - 66 MHz
Resolution: 15” to 30”
Noise level: 5-10 mJy (DIE) - 1 mJy (expected DDE)

c t
t

t



The LOFAR LBA Survey

The LBA Exploratory Survey: 24 pointings (160 sqdeg)



Virgo A (M87)
LOFAR LBA (46 MHz)
rms: 20 mJy/b
beam: 16”x17”
dyn range: 10,000

Expected flux: 3120 Jy
Measured flux: 3004 Jy 



• First evidence for varying Mach number in a merger 
shock.

• Smoking gun example that proves the existence of 
phoenixes.

• In the SKA era, LBA will keep LOFAR unique.
• Data at very low-freq (<100 MHz) are hardcore but 

doable.
• LOFAR LBA Sky Survey ready to start.

Francesco de Gasperin



60-300 MHz spectral index map

Curved injection+higher B? 
Reacceleration?

⌫c =
3�2eB

4⇡mePreliminary!

we assume spherical symmetry but make no specific assump-
tion about the form of the underlying gravitational potential. We
first calculate the surface brightness (in a given energy band) in
a set of annuli (or wedges) and choose a corresponding set of
spherical shells. The gas parameters are assumed to be uniform
inside each shell. Outside 80 the emissivity was assumed to de-
crease with radius as a power law. The projection can then be

written as a convolution of the emissivities in each shell with the
projection matrix. The solution for emissivities minimizing the
!2 deviation from the observed surface brightness in the set of
annuli can be easily found (see, e.g., Churazov et al. 2003). The
emissivities are then converted to electron densities using the
Chandra spectral response, evaluated for the spectrum with a
given temperature and abundance of heavy elements (see the

Fig. 6.—Left: The 0.5Y2.5 keV band full-resolution (1 pixel ¼ 0:49200) image of the entire data set after background subtraction and ‘‘flat fielding’’ of the center of
M87.Center: The 6 cmVLA radio image fromHines et al. (1989) showing the radio jet and the synchrotron emission from the cocoon. The cocoon of relativistic plasma is
the ‘‘piston’’ that mediates outbursts from the central SMBH and drives shocks into the surrounding X-ray-emitting, thermal gas. Right : IRAC 4.5 "m image divided by a
#-model to remove the strong gradient of emission from the galaxy light. Prominent X-ray features of the central region show the counterjet cavity surrounded by a very
fine rim of gas and cavities to the west and southwest of the jet after the jet passes the sonic point and the radio-emitting plasma bends clockwise. The innermost buoyant
bubble (X-ray cavity, labeled ‘‘Bud’’ in left panel) coincides with the radio synchrotron emission extending south from the cocoon (center). The IRAC image shows the
emission from the nucleus and the jet. The IR jet emission ends just before the feature ‘‘Jet Cavity’’ in the X-ray image. On the counterjet side of the nucleus, two bright IR
patches ( labeled with arrows in the IRAC image) lie within a ‘‘C’’ shaped region. The two bright IR patches coincide with brighter regions of 6 cm emission (also marked
with arrows in the center panel) and associated with structures $ and % in Hines et al. (1989). The IR emission (and the coincident radio emission) lie at nearly 90" from the
direction of the jet (in projection) and arise from unbeamed emission.

Fig. 5.—Left: The relative deviations of the surface brightness from a radially averaged surface brightness model, i.e., ½data$model%/model over a broad energy band
(0.5Y2.5 keV). The shock, an outer cavity beyond the eastern arm, a sharp edge in the eastern arm, and an outer partial ring are seen. We have excised the prominent point
sources from this image by substituting a local background. Right: The 90 cm VLA image from Owen et al. (1990) at the same scale as the Chandra image shows the
relationship between the X-ray and radio structures. In particular, the eastern and southwestern arms are apparent in both X-ray and radio: the outer X-ray cavity cor-
responds to an enhancement in the radio, and the outer ring (enhancement in X-ray image) lies just beyond the edge of the large-scale radio emission. The radio torus, at the
end of the eastern arm, is connected by the arm to the center of M87. The torus and arm produce a ‘‘mushroom’’ shaped structure (cap and stem).

FORMAN ET AL.1062 Vol. 665

Forman+ (2007)



NG WG 

Leiden 
14.09.2015 



Relics: theory to 
observations

9

Fig. 4.— Phase plots of gas properties indicating the location of the kinetic energy flux and radio emission at shock fronts. The left plots
show the kinetic energy distribution, while the right plots follow the radio emissivity. The top panels show the distributions as a function
of magnetic field strength on the y-axis, and Mach number on the x-axis. The lower panels show them as a function of temperature on the
y-axis, and density on the x-axis.

3. Magnetic Field: Average magnetic field strength,
weighted by density.

4. Radio: Total 1.4 GHz Radio Emission

5. Xray: Total 0.5-12 keV X-ray luminosity

In each case we select the inner-nested region of the simu-
lation, and use WeightedAverageQuantity or TotalQuan-
tity “derived quantities”. Each of these averages and to-
tals are then saved for future analysis. In the case of Fig-
ure 5, we normalize each of the quantities by their maxi-
mum value in order to fit them all on the same scale. In
the case of the X-ray and radio luminosity, the emission
is calculated using the blueshifted frequencies as these
would be redshifted into the observer’s frame to be at
the correct values (0.5 � 12keV and 1.4GHz for X-ray
and radio, respectively).
We find a very interesting correlation with all of the

fundamental and derived quantities. First, it is clear
that there was not only the late-time merger near z = 0,

but also earlier merger evolution near z = 1. First, we
see that the density and temperature both start to rise
0.2 � 0.5Gyr before the radio emission spikes. Analo-
gously, the magnetic field and X-ray luminosity also fol-
low this slow rise to a peak. Near the peak, the radio
emission jumps up several orders of magnitude. This cor-
responds to the formation of the shock front that then
moves outwards from the cluster center towards the out-
skirts of the cluster. After the core passage, the density
and temperature returns to a lower but elevated level
with respect to the pre-merger values.
This suggests that the radio emission lags the merger

event by a few ⇥108 years while the shock is setting up
and expanding into the intracluster medium. It again
highlights the dependence on not only the local charac-
teristics of the emitting plasma, but also the shock sur-
face area. Another key point is that the short timescales
over which the radio luminosity varies implies that for a
given mass or X-ray luminosity, there may be very large
scatter in the radio luminosity. Overall, the radio emis-

Radio Relics are powered by Shock waves which form in the Intra-cluster Medium during 
mergers (low Mach numbers ≈ 2-4, average magnetic field ≈ 1 uG)

Skillman et al. 

Relics

Turbulent flow

Accretion shocks



The most luminous relics

z = 0.366

M500 = 7.0× 10
14
M!

z = 0.334

M500 = 7.7× 10
14
M!

MACSJ1752.0+4440

El Gordo

de Gasperin+ 14


